Tracheostomy is a surgical procedure routinely performed upon critically ill patients requiring prolonged mechanical ventilatory support. Advances in resuscitation, improvements in clinical care and changes in the delivery of mechanical ventilation have resulted in a growing population of patients who require prolonged ventilatory support. Wilson and Davidson first described tracheostomy in modern literature for the relief of respiratory insufficiency during the polio epidemic in the 1930s 1 . Prior to this, the performance of tracheostomy was described primarily for emergent airway obstruction. Since the advent of positive pressure ventilation in the 1950s, the use of tracheostomy has evolved to be used mainly in patients with difficulty weaning from mechanical ventilation 2 .
The benefits and advantages of tracheostomy have been vigorously debated for several decades. Early tracheostomy may decrease the time on the ventilator, incidence of ventilator-associated pneumonia and use of sedation [3] [4] [5] [6] . However, there is a lack of consensus as to whether these are attributable to fundamental changes in respiratory dynamics. Tracheostomy is thought to facilitate weaning by reducing dead space and airway resistance and by improving secretion clearance 5 . Proponents of early tracheostomy argue that decreases in anatomic dead space lower airway resistance, allow lower peak inspiratory pressures and may even change dynamic compliance, resulting in reduction of the work of breathing, thus allowing patients to wean off the ventilator expeditiously and decrease ventilator days 5 .
Dead space is defined as the portion of the respiratory system not involved in gas exchange and can be considered ineffective in arterialising venous blood. It includes both alveolar and airway dead SUMMARy Benefits and advantages of tracheostomy have been vigorously debated. There is a lack of consensus as to whether perceived clinical improvement is attributable to fundamental changes in respiratory dynamics. We compare the effect of tracheostomy versus endotracheal tube on dead space, airway resistance and other lung parameters in critically ill ventilated patients.
Data collected included patients who were admitted to surgical, burn and neurosurgical intensive care units at the University of North Carolina. Twenty-four intubated patients were included in our analysis with various aetiologies of respiratory failure. Tracheostomy was deemed necessary either for severe neurological devastation or failure to wean from the ventilator. The diameter of the endotracheal tubes ranged from 6-8 mm and the tracheostomy tube diameters were from 6.4-8.9 mm. Internal diameters between endotracheal tube and tracheostomy tubes, ventilator settings and sedation were kept consistent throughout the study. Respiratory parameters were measured using the Respironics' non-invasive cardiac output 2 device (Phillips, Andover, MA) immediately prior to tracheostomy and repeated within 24 hours of tracheostomy.
only two (8%) of the patients had slight improvement (>6% decrease in dead space). The average dead space of endotracheal versus tracheostomy tubes was 41±12.6% and 40±14.6%, respectively (P=0.75). The remaining 22 patients (92%) had no significant change in dead space, compliance or other respiratory parameters. This study shows that there is no significant difference in respiratory mechanics and dead space with a tracheostomy versus endotracheal tube.
space. Dead space is often expressed as a ratio of dead space to tidal volume, also known as physiologic dead space ratio (V d /V t ), and is a clinical measure of the efficiency of ventilation. There are several established useful clinical applications for V d /V t . In adult patients, V d /V t has been used to identify pulmonary embolism 7, 8 . Recent advances in capnography technology have provided a simplified method for calculating V d /V t from single breath carbon dioxide (Co 2 ) waveforms 9 . Single breath Co 2 analysis has also been shown to predict changes in lung volume following acute lung injury.
Airway dead space is a functional surrogate of anatomic dead space and is calculated from Phase II of the Co 2 volume curve from a capnograph 10 . Alveolar dead space is a measurement of ventilated alveoli without adequate blood flow for gas exchange and is negligible in healthy individuals. Physiologic dead space is the sum of airway dead space and alveolar dead space and can be calculated with the Bohr equation; however, it requires an estimated value of alveolar PCo 2 . Arterial PCo 2 usually serves as an estimate of alveolar PCo 2 , given the normally close relationship.
Airflow resistance of the normal upper airway is substantial, constituting up to 80% of total airway resistance during nose breathing and 50% during mouth breathing. Endotracheal tubes (ETT) reduce anatomical dead space by approximately 50% but can elevate airway resistance due to the small internal diameter of endotracheal tubes.
The work of breathing has been demonstrated to be comparable and not statistically significant between ETT and tracheostomy tubes 11 . There are, however, intrinsic differences between ETT and tracheostomy tubes. The additional length of the ETT may contribute to increased resistance, in addition to the somewhat tortuous route of the ETT.
Due to the decreased length, theoretically, a tracheostomy tube, in comparison to an ETT of the same calibre size, should cause reduction in dead space and resistance for patients needing an artificial airway.
MATERIAlS AND METHoDS
The University of North Carolina Institutional Review Board approved this study (approval number 11-0108). The University of North Carolina Hospital is an 800-bed quaternary care hospital. our study cohort included patients admitted to the 32-bed surgical, the 16-bed neuro-intensive care unit and the 21-bed burn intensive care unit at the University of North Carolina Hospital from January to April 2011. A total of 24 intubated patients were included in our interim analysis with various aetiologies for respiratory failure. Patients were intubated for an average of ten days, (range 2-32 days) prior to determination of the need for tracheostomy. Indications for tracheostomy included: severe acute respiratory distress syndrome (requiring ventilation for greater than ten days); neurological devastation from cerebrovascular accidents, anoxic encephalopathy, traumatic brain injury or high spinal cord injury; severe burns with inhalation injury; or failure to wean from the ventilator.
Once the determination for tracheostomy was made, respiratory parameters were measured using capnography, specifically Respironics' non-invasive cardiac output 2 device (NICo ® 2, Philips, Andover, MA) immediately prior to tracheostomy and repeated within 24 hours of tracheostomy tube placement. The NICo 2 device functions as a capnograph, pulse oximeter and gas flow monitor. Similar technology has been described before from our institution, particularly with respect to respiratory parameters and tracheostomies 12 Figure 1 : Single breath Co 2 waveform: Phase I represents dead space Co 2 expired from large airways. Phase II represents Co 2 mixing from both large airways and alveolar gas. Phase III represents alveolar ventilation alone. Calculation of dead space and Co 2 production from single breath Co 2 waveform. Area z is the large airway dead space (V daw ). Area X is the volume of Co 2 in an exhaled breath. Alveolar dead space V dalv is represented by area y.
is then compared to the energy of the IR source and calibrated to accurately reflect Co 2 concentration in the sample. The NICo 2 provides a standard, expired single-breath Co 2 waveform that can be divided into three phases (Figure 1) ; Phase I represents Co 2 -free gas expired from the large airway and tracheal tube dead space, Phase II represents a mixture of gas from both the large airway dead space and alveolar dead space and Phase III (or alveolar plateau) represents alveolar ventilation 13, 14 .
The NICo 2 measurement of anatomical and alveolar dead space is based on the Bohr equation 15 which states that the dead space (V d ) is calculated as:
where V d is dead space volume, V t is tidal volume, PaCo 2 is the partial pressure of carbon dioxide in the arterial blood and PeCo 2 is the partial pressure of carbon dioxide in the expired (exhaled) air. It is calculated based on a mathematical integration of the measured flow and Co 2 signals. These signals are obtained from practically the same point at the patient's airway, thereby ensuring optimal accuracy 16 .
All patients underwent a modified percutaneous tracheostomy using the Ciaglia Blue Rhino ® kit (Cook Medical, Bloomington, IN). Specifically, a 1 cm incision was made along the midline once the patient was adequately sedated and blunt dissection carried down separating the strap muscles at the midline. once the tracheal rings were identified, the space between the third and fourth rings was sighted, palpated and then accessed with a needle under direct vision. A Seldinger technique was then used to thread a wire through the needle, followed by gradual dilation and finally advancement of the tracheostomy tube over the wire. Bronchoscopy was used for direct visualisation of tube placement and to allow for removal of blood clots or mucus plugs. The diameter of the ETT ranged from 6-8 mm and the tracheostomy tube diameters were from 6.4-8.9 mm. Internal diameters were kept consistent throughout the study between ETT and tracheostomy tubes. The patients maintained the same ventilator settings and sedation throughout the study.
Data was analysed with the Microsoft Excel software package (Microsoft Corporation, Redmond, WA) in combination with GraphPad Software (GraphPad Software, la Jolla, CA) with biostatistical support. Statistical analysis of continuous operative metrics was performed using Student's t-test. over-all statistical significance was set at P <0.05.
RESULTS
Twenty-four patients were included in this study and each patient served as their own control. Patient characteristics are shown in Table 1A . Pre and post- High spinal cord injury 3
Traumatic brain injury 2
Anoxic encephalopathy 2
Cerebrovascular accident 2
Smoke inhalation 2
ARDS=acute lung injury. Figure  2) . Similarly, we found no statistically significant difference in static lung compliance, 40.3±22.62 and 46.7±31.97 (P=0.42) or dynamic lung compliance, 32.5±12.54 and 34.8±11.88 (P=0.5) pre and posttracheostomy, respectively (Figure 3) . last, there was no statistically significant difference in the average dead space volume in a patient pre and post-tracheostomy tube placement, 41±12.6% and 40±14.6%, respectively, (P=0.75, range 24-90%) (Figure 4 ).
DISCUSSIoN
Advances and improvements in treating critically ill patients have resulted in more patients requiring prolonged airway and respiratory support 17 . The subject of tracheostomy is often a dilemma for physicians caring for patients in any intensive care unit; risk and benefit ratios, timing and social issues surrounding discharge planning are all taken into consideration.
one of the clinical observations often made is that weaning from mechanical ventilation in difficult patients is hastened by tracheostomy 18 . The possible mechanical advantages of tracheostomy over ETT intubation are believed to be secondary to changes in respiratory dynamics, such as decreased dead space, airway resistance and, thus, a decrease in work of breathing. However, there is no physiological basis for this observation. Proponents of early tracheostomy believe that the successful ventilatorweaning observed may be attributable to improved patient comfort due to reduced oropharyngeal and laryngeal stimulation 19 , which may, in turn, reduce sedation requirements and improve the ability of the patient to actively participate in spontaneous breathing trials 20 . The literature supporting this theory is contradictory 21 . That tracheostomy hastens weaning from ventilatory support has proven to be a difficult hypothesis to study 5 .
Anatomic dead space is air contained in the upper airway and the intrathoracic conducting airways that does not take part in gas exchange, and is approximately 2 ml/kg, or roughly 150 ml, in an average-sized adult 22 . In theory, the anatomic dead space is reduced by the presence of a tracheostomy and physiological dead space should not be affected.
Mohr et al 12 studied 42 difficult-to-wean patients in a surgical intensive care unit, all of whom underwent tracheostomy after an average of 13 days of ventilatory support. Within 24 hours of performance of tracheostomy, before and after the procedure, they determined the physiological dead space fraction (V d /V t ) using single breath capnograms, as well as spontaneous respiratory rate, V t (VE), peak inspiratory and end-inspiratory airway pressures during mechanical ventilation and arterial blood gases. When comparing values obtained with an ETT with those following tracheostomy, no differences were found in any physiologic study variable. Mean V d /V t was 0.51±0.10 before the procedure and 0.51±0.11 afterwards; this was comparable to our findings in this study.
Potentially, a more plausible theory of why tracheostomy might benefit a patient in terms of weaning would be reduced work of breathing because of a decrease in gas flow resistance in a tracheostomy tube, as compared to an ETT. This rests upon the Poiseuille equation, which demonstrates that resistance to flow of gas through a tube is directly proportional to length, while being inversely proportional to the radius of the tube to the fourth power (when flow is laminar). When flow becomes turbulent, airway resistance becomes inversely proportional to the radius of the tube raised to the fifth power. Indeed, at flows above 0.25 litres/second, flow becomes turbulent when the inner diameter of a tube is 10 mm. Thus, small reductions in tube radius result in large increases in resistance. Turbulent flow is more likely to occur when flow rates are high, and when secretions adhere to the inside of the tube, reducing its diameter. When compared to the ETT, the tracheostomy tube has the potential to decrease the resistive work of breathing 23 . "Tracheostomy tubes are shorter, more rigid, less likely to be deformed in the upper airway (by being placed below the vocal cords and the rigid structures of the subglottic region) and are easier to keep clean as they more effectively facilitate airway suctioning and removal of secretions. By decreasing resistance, expiratory flow can be enhanced and the tendency to dynamic hyperinflation and the development of intrinsic positive end-expiratory pressure is reduced" 24 . When compared to translaryngeal endotracheal tubes, tracheostomy tubes have the potential to reduce the elastic work of breathing 24 .
Our study does not show any statistically significant changes in airway resistance pre and posttracheostomy. As resistance is a measure of both static and dynamic compliance, as well as the tube internal diameter, changes in resistance will be reflected in the mean airway pressure, peak inspiratory pressure and plateau pressures. We did not directly measure work of breathing and as calculated work of breathing will be reflective of ventilator work and not patient work, this would not be clinically useful.
limitations of this study include the small sample size, the fact that each patient acted as a control and that some of the respiratory parameters were not measured but calculated.
Insufficient data supports the impression that tracheostomy provides universal benefit in promoting weaning from mechanical ventilation in all ventilatordependent patients. In our study, we believe that neither alterations in respiratory physiology nor the minimal changes in anatomical dead space appear to contribute to expedited liberation from mechanical ventilation. Rather, the true benefits of tracheostomy are likely due to improved oral hygiene, control of secretions, decreased incidence of ventilatorassociated pneumonia, glottic preservation with decreased risk for aspiration, decreased patient sedation requirements, improved patient comfort and increased provider comfort with a secure airway 25 .
This study has reiterated that there is no change in respiratory mechanics conferred by tracheostomy tube placement in critically ill patients. Future studies are needed to focus on measured work of breathing as a possible target for ventilatory strategies in patients with ETT and tracheostomy tubes. 
